We present an ab initio-based theoretical framework which elucidates the origin of the spin-orbit torque (SOT) in Normal-Metal(NM)/Ferromagnet(FM) heterostructures. The SOT is decomposed into two contributions, namely, spin-Hall and the spin-orbital components. We find that (i) the Field-Like (FL) SOT is dominated by the spin-orbital component and (ii) both components contribute to the damping-like torque with comparable magnitude in the limit of thick Pt film. The contribution of the spin-orbital component to the DL-SOT is present only for NMs with strong SOC coupling strength. We demonstrate that the FL-SOT can be expressed in terms of the nonequilibrium spin-resolved orbital moment accumulation. The calculations reveal that the experimentally reported oxygen-induced sign-reversal of the FL-SOT in Pt/Co bilayers is due to the significant reduction of the majority-spin orbital moment accumulation on the interfacial NM atoms.
Spin-Orbit torque (SOT) has recently attracted a lot of attention as a method to switch nano-scale magnetic bits, due to its promising features in terms of high efficiency and scalability. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] SOT is a relativistic phenomena that has its origin in the atomic spin-orbit coupling (SOC) in systems with broken inversion symmetry, and is often separated into damping (Slonczewski)-like (DL), τ DL m×( m× y), and field-like (FL), τ F L m× y, components, where m is the unit vector along the magnetization direction and y is the in-plane unit vector normal to the external electric field. The origin of the SOT is conventionally attributed to extrinsic and intrinsic effects. First principles electronic structure calculations of SOT using the coherent potential approximation [14] suggest negligible contribution from extrinsic mechanisms(e.g. skew-scattering and side-jump mechanisms). The intrinsic contribution is conventionally attributed to spin-Hall [16] (SH) and Rashba-Edlestein [17] (RE) effects.
The RE effect is understood in terms of the spinmomentum locking of the electronic Bloch states, where a non-zero expectation value of the momentum in the presence of a current flow leads to a finite spin accumulation in the FM. The resulting spin accumulation couples to the local magnetic moments through the exchange splitting, leading to a current-induced FL torque on the magnetization direction of the FM. The RE mechanism of the FL-SOT is often phenomenologically modeled by a 2D plane with SOC introduced through the Rashba term in the Hamiltonian of the form, m e α R ( v k × σ) · e z , where v k is the electronic group velocity, e z is a unit vector normal to the Rashba plane, m e is electron's mass and α R is the Rashba coefficient. This model yields an effective current-induced magnetic field, B ef f SOT = 2m e α R I S × e z /M s , where I S is the in-plane spin cur-rent polarized along the magnetization direction and M s is the magnetic moment of the FM. [18] [19] [20] [21] For the actual NM/FM bilayer, the same model is usually employed by introducing the Rashba SOC localized at the interfacial region. In addition to the FL-SOT, the RE effect can also give rise to DL-SOT. [16, 18, [22] [23] [24] [25] Unlike the RE effect which is considered to be a local (interfacial) phenomena, the SH mechanism of the SOT, on the other hand, can be viewed as a non-local effect. In the SH mechanism, the NM and FM films are assumed as two independent entities where the spin current is generated in the bulk NM and subsequently absorbed by the FM. The efficiency of charge-to spin-current conversion is measured by the spin-Hall angle, Θ SH , which is given by, I S = 2e Θ SH I C × e S , where e S is the spin polarization unit vector and I C is the charge current. The spin current in turn interacts with the magnetic moment of the FM, resulting in DL and FL-SOTs. [9, 18, 26] The SH mechanism of SOT is often treated within the spin drift-diffusion model [16, 27] , where RE effect is usually introduced to model the spin memory loss at the NM/FM interface [28] [29] [30] [31] [32] . Furthermore, additional mechanisms such as, the interface-generated spin-Hall current in the FM layer [33] and orbital-Hall effect [34] have also been suggested to contribute to the DL-SOT.
Although both SH and RE mechanisms offer simple and qualitative pictures for the origin of the SOT, the SH effect alone is typically insufficient in providing a quantitative assessment of the experimental measurements[1, 16, 22] ; and the RE effect has proven useful mostly in phenomenological investigations of the SOT. Thus, there is an urgent need for a microscopic framework to explain the origin of the SOT in terms of the electronic structure properties of the materials involved and the chemistry of arXiv:2002.01983v1 [cond-mat.mes-hall] 5 Feb 2020 the interface. [35] In this letter, we develop an ab-initio based formalism, where the SOT is decomposed into spin-Hall (nonlocal) and spin-orbital (local) components. We show that the FL-SOT is dominated by the spin-orbital component originating from the interfacial Pt layer, while both components contribute on equal footing to the DL-SOT. We demonstrate that the spin-orbital component of the FL-SOT is related to the non-equilibrium spin-resolved orbital moment accumulation on the normal metal. The physical meaning of the spin-orbital vs spin-Hall decomposition is systematically studied by the Pt thickness dependence, the layer-resolved contribution and connection to the spin current passing through the NM/FM interface.
Transport properties, including the SOT, can be determined within the Green function formalism either in real space [15, 36] using the Landauer-like approach or equivalently in momentum space using the Kubo-like approach, [11, 13, 14] . In these approaches the current-induced spin accumulation induces SOT,
on the magnetization direction m, through the magnetic exchange splitting of the conduction electrons,∆ ex = (Ĥ ↑↑ −Ĥ ↓↓ )/2. Here,Ĥ σσ is the electronic Hamiltonian for spin σ, M s is the magnetic moment per unit cell and ... neq denotes the nonequilibrium expectation value. Although, this approach has proven advantageous in producing reasonable results in comparison with experimental measurements [13, 15, 37] , it does not offer the means to directly analyze the microscopic origin of the SOT in terms of the electronic structure of the heterostructure.
As an alternative to the spin density calculation approach, here we use Hamilton's equations of motion for the canonical variables, φ, θ (see Fig. S1 in Ref. [38] ) to determine the Fermi surface contribution to the nonequilibrium canonical forces,
where, E x ext is the external electric field along x, N k is the number of k-points in the unit cell,Ĝ k is the Green's function,v kx is the electronic group velocity andη = η1 is the energy broadening parameter. Rotating the reference frame so that the magnetization's orientation is along the z-axis, the partial derivative of the Greens function can be written aŝ
where, the spin rotation operator,Û m = e i( n·ˆ σ)θ/2 , was used on the Hamiltonian to align the magnetization along the fixed z-direction. Here, n = cos(φ) e y − sin(φ) e x , e x,y,z are unit vectors along the Cartesian coordinates, G k andĤ rot SOC =Û † mĤ SOCÛ m are the Green's function and SOC Hamiltonian in the rotated frame, respectively,
whereˆ L is the angular momentum operator,ˆ σ's are the Pauli matrices, χ is the SOC scaling factor, andξ is the SOC matrix.
The first term in Eq. (3) contributes only to the nonequilibrium observables and often describes the nonlocal spin-current pumping/absorption effects [32, 38, 39] . On the other hand, the second term generally leads to the contribution from modification of the bandstructure in response to the change of q, similar to Kambersk's breathing Fermi surface mechanism of Gilbert damping [39] and magnetocrystalline anisotropy using the "torque" method [40] . Using Eq. (3) the non-equilibrium canonical force, F q , can be decomposed into the following two components, which we refer to as the spin-orbital and spin-Hall contributions, respectively, [38] 
The canonical forces F q=θ,φ are related to the torque through F φ = τ sot · e z and F θ = τ sot · n. To the lowest order in the angular dependence of the SOT, we expect, τ sot = m×( B F L + m× B DL ). The magnitude of the SOTs, B F L,DL , can then be calculated by fitting the angular dependence of the canonical forces to the expressions,
where α refers to the spin-orbital or spin-Hall contributions to the SOT. We have also derived analytical expressions for the spin-orbital/spin-Hall components of the FL-and DL-SOTs [38] . The FL-SOT is of the form
where,
Even though, B
(so)
F L , has three contributions we find that in the case of NM/FM bilayer devices the first term, which we refer to as the Rashba-Edlestein Effect (REE) FL-SOT,
is dominant, while the third term is present only in systems with broken in-plane mirror symmetry. [41, 42] Eq. (8) is one of the central results of this letter which demonstrates that the FL-SOT can be expressed in terms of the non-equilibrium spin-resolved orbital moment accumulation. Similarly, the spin-Hall component of the DL-SOT is given by,
These expressions allow to elucidate the microscopic origins of the SOT. More specifically, Eq. (6) will be employed to understand the interfacial Co oxidation effect on the FL-SOT in the Pt/Co bilayer. Eq. (6) can also be used to estimate the effective Rashba SOC strength of the bilayer which is given by m e α ef f
In a NM/FM bilayer, only the y-component of B F L,DL is nonzero. Fig. 1 shows the total (solid red curves) (a) DL and (b) FL components of the SOT, calculated from Eq. (1), versus the SOC scaling factor χ, for the (001) Pt(6)/Co (6) bilayer [see Fig. 3b ]. Here, the integers in the parenthesis denote the number of monolayers (MLs). We also show both the spin-orbital (blue) and spin-Hall (green) contributions to the SOT, calculated from Eq. (5), and their sum (red dashed curve). Within the accuracy of the numerical calculations and errors in the fitting of the angular dependence, overall, there is good agreement of the results calculated from two different aforementioned approaches, namely Eq. (1) (red solid curve) and the sum of Eqs. 3(a) and (b). In the limit of χ →0, the spin-Hall contribution to the DL-SOT in Fig. 1(a) varies linearly with χ (as expected from the conventional spin-Hall effect), while the spin-orbital contribution exhibits a quadratic behavior with SOC (See Ref. [38] for the analytical derivation/discussion). With increasing SOC the spin-Hall contribution is reduced from its linear dependence (dashed black line) similar to the behavior of the spin-Hall conductivity in bulk Pt shown in the left inset of Fig. 1(a) . This is due to the enhancement of the spin dephasing effects in bulk Pt and the interfacial region [29, 31] . On the other hand, the dominant contribution from the spin-orbital component to the DL-SOT for thin Pt film (6 MLs) leads to enhancement of the total SOT relative to its linear behavior. We also show for comparison in the right inset the variation of the total DL-SOT for thicker (16 MLs) Pt film. The slight suppression of the total DL-SOT from its linear behavior for thicker Pt films, indicates the crucial role of the spin-orbital component for unltra-thin Pt films.
The spin-Hall (green curve) and spin-orbital (blue) contributions to the FL-SOT in Fig. 1(b) exhibit a linear behavior versus SOC in the limit of χ →0. Interestingly, the two contributions have opposite sign. The dependence of the spin-orbital and spin-Hall contributions to the FL-SOT on the energy broadening parame- (1) versus Pt thickness for η=0.1 eV and compared with the experimental results (multiplied by µB) shown as black (Ref. [43] ) and dark and light blue (Ref. [37] ) stars. Blue circles and green diamonds denote the spin-orbital and spin-Hall contributions to the SOT calculated from Eq. (5), respectively. The black solid and dashed curves in Fig. 2(a) are fits of the DL-SOT to the spindiffusion model [16, 27] while the red solid curve is the sum of the two dashed lines. Insets in (a) and (b): Layer-resolved contribution to the DL-and FL-SOT for 15 MLs Pt thickness.
ter, η, (inversely proportional to the relaxation time) [38] , shows that in the ballistic limit (η →0) B (so)
F L ∝ η, suggesting that the latter can be ignored in relatively clean samples.
A convenient approach to characterize the spin-Hall and spin-orbital components in terms of their bulk and interface contributions is to investigate their dependence on the HM film thickness, where the interfacial component is expected to have a shorter characteristic length (i.e. spin diffusion length). In Fig. 2(a) we display the total (red crossed symbols) DL-SOT, calculated from the nonequilibrium spin accumulation method [13] , Eq. (1), versus Pt thickness, along with the experimental results (black [43] and blue [37] stars) (multiplied by µ B ). We also show both the spin-orbital (blue circles) and spin-Hall (green diamonds) contributions to the SOT calculated from Eq. (5) . The blue and green dashed curves in Fig. 2(a) denote the fits of the ab initio results to the spin-diffusion model, ∝ [1 − sech(d P t /λ)], [16, 27] , while, the solid red curve is the sum of the two dashed curves. Here d P t is the Pt thickness and λ is the effective spin diffusion length in Pt. We find that λ (so) = 0.4 nm and λ (sh) = 0.7 nm, both of which are in agreement with the reported experimental values in the range between 0.5 and 10 nm. [28, 44] It is also worth pointing out that, Fig. 2(a) shows a sign reversal of both the spin-orbital and spin-Hall DL-SOT components for 1 ML Pt, indicating the crucial role of the local electronic structure on the strength and sign of the SOT. A similar sign reversal for thin layer of Hafnium [45] and Tantalum [46] have already been reported experimentally. The layer-resolved contribution of B (sh),y DL , displayed in the inset of Fig. 2(a) for 15 MLs of Pt, demonstrates the dominant bulk origin of the DL-SOT with a negative contribution from the surface Pt layer. The relatively significant contribution from the surface Pt in the case of ultrathin Pt films suggests the sensitivity of the DL-SOT on the substrate material. The layer-resolved results were calculated from the diagonal matrix elements inside the trace in Eq. (S10) in Ref. [38] , with spin-orbit coupling included in the Green's function. Fig. 2(b) shows the total (red crosses) FL-SOT, calculated from Eq. (1), versus Pt thickness along with the experimental results (black stars) (multiplied by µ B ). [43] We also show both the spin-orbital (blue circles) and spin-Hall (green diamonds) contributions to the FL-SOT, calculated from Eq. (5), respectively. Note that the spinorbital component of the FL-SOT yields the dominant contribution and that the spin-Hall component has opposite sign for η=0.1 eV. The calculated total FL-SOT are in good agreement with the experiments [37, 43] . The oscillation of the ab initio FL-SOT for ultrathin Pt film (d P t <2 nm) presumably arises from the finite size effects. The layer-resolved contribution (calculated from diagonal matrix elements inside the trace in Eq. (4a)) to B y,so F L is displayed in the inset of Fig. 2(b) for 15 MLs of Pt, demonstrating that the interfacial Pt layer is primarily responsible for the FL-SOT on the Co film.
Effect of Interfacial Co Oxidation: Recent experiments have reported [37, 47] a modulation of the direction and magnitude of the SOT in a Pt/Co/GdO x heterostructure by changing the concentration of oxygen in the Co layer using an electric field. Even though our complementary ab initio calculations confirmed [37] the sign reversal of the FL-SOT as a function of oxygen concentration, its microscopic origin has so far remained elusive.
Here, using the theoretical framework developed above we elucidate the underlying mechanism of the sign reversal of the FL-SOT. We consider the (001) Pt(6 ML)/Co(6 ML) bilayer system where the oxygen atom is originally placed in the interfacial Co layer and atop of the interfacial Pt atom ( Fig. 3(e) ) [37] . The oxygen atom relaxes between the interface and sub-interface Co layers. Table  I lists the total FL-SOT calculated from Eq. (1), the spinorbital and spin-Hall contributions to the FL-SOT calculated from Eq. (5), and the REE FL-SOT calculated from Eq. (8), in the absence and presence of interfacial oxygen, respectively, which show the oxygen-induced sign reversal. Figs. 3(a) and (d) show the layer-and spin-resolved contribution to B REE y , in the absence and presence of oxygen, respectively, where the dominant contribution arises from the interfacial Pt atoms. We find that in general ξL y 0,σ >0 and that ξ L 0,↓ is insensitive to the presence or absence of oxygen. Consequently, the sign reversal of the FL-SOT is due to the significant reduction of the majority-spin contribution induced by interfacial oxygen.
Furthermore, Figs. 3(c) and (f) show the orbitalresolved contributions to B REE y for the interfacial Pt atom, without and with oxygen, respectively.
The dominant contribution to the Ilmσ|B REE y |Ilm σ ∝ σξ Il lm|L y |lm , arises from the non-vanishing d xy |L y |d yz , d xz |L y |d z 2 and d xz |L y |d x 2 −y 2 matrix elements of the in-plane orbital angular momentum operator,L y . Here, I, σ, l, m stand for ionic, spin and atomic orbital indices, respectively. We find that the positive d xy |L y |d yz and d xz |L y |d z 2 matrix elements in the clean bilayer vanish or change sign by oxygen, which can be attributed to the hybridization of the majority-spin O/p-derived states with the interfacial Pt/{d xz ,d yz and d z 2 } derived states. [38] In summary, we presented a theoretical framework which allows to decompose the DL-and FL-SOTs into the spin-Hall and spin-orbital components in a NM/FM bilayers. We demonstrated that (i) the FL-SOT is dominated by the spin-orbital component which can be expressed in terms of the difference of nonequilibrium spin-resolved orbital accumulation at the interfacial NM atoms and (ii) the spin-orbital contribution to the DL-SOT dominates for ultra-thin Pt films, while both components have equal contribution for thicker films. The dependence of the DL-SOT on SOC strength suggests that if Pt is replaced with a normal metal with weaker SOC strength, the DL-SOT becomes dominated by the spin-Hall component. We have used the approach to elucidate the microscopic mechanism for the sign reversal of the FL-SOT due to the interfacial Co oxidation. We demonstrated that the sign reversal is attributed to a significant reduction of the spin-majority nonequlibrium orbital moment accumulation at the interfacial Pt layer. * Electronic address: farzad.mahfouzi@gmail.com † Electronic address: nick.kioussis@csun.edu [1] A. Manchon and S. Zhang, Theory of nonequilibrium in- 
